OBJECTIVES: This study aimed to evaluate the impact of remnant re-entries in arch branches on postoperative change in the aortic arch and descending aortic diameters and the rate of major adverse aortic events.
INTRODUCTION
Tear-oriented surgery, resection of the primary intimal tear and replacement, is a well-established and mainstay treatment of acute Type I aortic dissection (AIAD). The extent of the operation is determined by the location of the primary entry tear. The 2 types of graft replacement are total arch replacement (TAR) and non-TAR [ascending aorta replacement (AR), hemiarch replacement (HAR) and partial arch replacement (PAR)] [1] [2] [3] [4] [5] [6] [7] [8] .
Most patients with AIAD are treated with non-TAR, which is associated with satisfactory short-term and long-term outcomes [1, 4, 7, 8] . However, some authors have concluded that a more aggressive approach is a reasonable option for selected patients to reduce the risk of postoperative aortic dilation and reintervention [6, 9] .
In AIAD, non-TAR leaves the dissected aortic arch and proximal descending thoracic aorta (DTA). The residual dissected aortic arch leads to aortic dilation, which may result in an aneurysm, requiring further intervention or surgery, and communicating channels in true and false lumen, increasing the growth rate of the aortic arch [10] . A remnant tear acts as a re-entry in the aorta, which is highly associated with false-lumen dilatation, leading to †Presented at the 31st Annual Meeting of the European Association for CardioThoracic Surgery, Vienna, Austria, 7-11 October 2017. continuous aortic diameter growth to the extent of rupture [11, 12] . We hypothesized that remnant re-entries in the arch branches [innominate artery (IA), left common carotid artery (LCCA) and left subclavian artery (LSA)] after tear-oriented surgery are important predictive factors of unfavourable aortic remodelling.
This study aimed to evaluate the impact of remnant re-entries in the arch branches on postoperative change in aortic arch and descending aortic diameters and the rate of major adverse aortic events (MAAEs).
MATERIALS AND METHODS
A retrospective review of the Gangnam Severance Aortic Registry identified 249 patients with AIAD who underwent surgery between 2010 and 2016. Patients who underwent TAR (n = 81) were excluded. Among the 168 patients, patients who had Marfan syndrome (n = 9), had intramural haematoma (n = 35), died perioperatively (n = 15) or did not undergo follow-up computed tomography (CT) (n = 37) were excluded. Thus, 72 patients who underwent non-TAR, including AR (n = 20), 1 partial arch replacement (1PAR, n = 37) and 2 partial arch replacements (2PAR, n = 15), with predischarge and follow-up CT scans were enrolled in this study.
This study was approved by the institutional review board of Gangnam Severance Hospital, Yonsei University College of Medicine (Yonsei Institutional Review Board no. 3-2017-0183). Because of the retrospective nature of the study, the need for individual patient consent was waived.
Definition of supra-aortic entry
The presence of a double-barrel shaped, thin moving intimal dissection flap with a patent false lumen or intimal tear at the 3 arch branches (IA, LCCA or LSA) in the arterial and delayed phases of the predischarge CT scan was defined as supra-aortic entry (SAE).
Patients without SAE and those with SAE in any of the 3 arch branches were assigned to the no supra-aortic entry (NOSAE) and SAE groups, respectively (n = 51, Fig. 1A ; n = 21, Fig. 1B) . We evaluated the IA, LCCA and LSA in patients who underwent AR; LCCA and LSA in patients who underwent 1PAR; and LSA in patients who underwent 2PAR.
Definition of major adverse aortic events
MAAEs were defined as annual aortic growth exceeding 5 mm or a maximal DTA diameter exceeding 50 mm. Patients with a CT follow-up period <6 months were excluded to avoid overestimating the annual growth rate. 
Measurement of aortic diameter
Diameters were measured by a blinded observer at 7 levels: the IA, LCCA, LSA, 20 mm distal to the LSA (LSA20mm), pulmonary artery bifurcation (PAB), coeliac axis (CA) and maximal diameter in the DTA (MaxDTA). The IA, LCCA, LSA and LSA20mm levels were measured in the oblique sagittal planes of CT scans ( Fig. 2A) . The PAB and CA levels were measured in the axial planes of CT scans. The MaxDTA level was measured in the oblique sagittal planes and axial planes of CT scans. The true and false lumens at the LSA20mm, PAB and CA levels were also measured ( Fig. 2B and C ).
Statistical analysis
The Pearson's v 2 test and the Fisher's exact test were used to compare frequencies. Continuous variables were examined for normality using the Kolmogorov-Smirnov test. These variables are expressed as median ± standard deviation, and they were compared using the unpaired t-test. Categorical variables are expressed as number (percentage). Predischarge CT data were compared with data from the last follow-up CT examination. The time-related events were MAAEs and postoperative intervention. Freedom from these time-related events was estimated using the Kaplan-Meier method and compared using the log-rank test. The rates of freedom from MAAEs, postoperative intervention and overall survival for all patients are presented. The independent risk factors of MAAEs were determined using Cox proportional hazard regression analysis. For this analysis, variables with P < 0.05 in the univariate analysis were entered. The results of the analysis are presented as hazard ratios with corresponding 95% confidence intervals. Statistical analyses were performed using the statistical software R, version 3. Table 1 summarizes the characteristics and perioperative data of both groups. There were no differences in the extent of surgery and length of hospital stay between the NOSAE and SAE groups. The 2 groups were homogeneous for all assessed perioperative variables.
RESULTS

Overall aortic diameter changes
Because the diameters of the grafted portions were not measured, the number of patients with measured IA and LCCA were 20 and 57, respectively. The other diameters at each aortic level were measured in all patients (n = 72). The mean values of the overall aortic diameter on predischarge and the last follow-up CT scans are presented in Supplementary Material, Table S1 . On predischarge CT scans, the largest aortic diameter was observed at the LSA20mm level. On the last follow-up CT scans, the largest aortic diameter was observed at the PAB level. Compared with predischarge CT scans, each level of aortic diameter increased on the last follow-up CT scans (Pearson correlation coefficient: IA 0.89, P < 0.01; LCCA 0.75, P < 0.01; LSA 0.68, P < 0.01; LSA20mm 0.63, P < 0.01; PAB 0.56, P < 0.01; CA 0.71, P < 0.01; MaxDTA 0.64) (Fig. 3A) . The overall aortic growth rate was the largest at the PAB level.
Aortic diameter changes between the no supraaortic entry and supra-aortic entry groups
On predischarge CT scans, the IA, LCCA, LSA20mm, PAB, CA and MaxDTA diameters were not statistically different between the NOSAE and SAE groups. However, the LSA diameter was significantly higher in the SAE group than in the NOSAE group. The true lumen at the LSA20mm, PAB and CA levels tended to be larger in the NOSAE group than in the SAE group. At the LSA20mm level, the true lumen was larger and the false lumen was smaller in the NOSAE group than in the SAE group. On the last follow-up CT scans, the aortic diameter at each level tended to be larger in the SAE group than in the NOSAE group. Aortic diameters at the LSA, LSA20mm, PAB and MaxDTA levels were significantly larger in the SAE group than in the NOSAE group. Figure 3B shows the diameter at each aortic level of the NOSAE and SAE groups on the last followup CT scans.
At the LSA20mm, PAB and CA levels, the true lumen tended to be larger in the NOSAE group than in the SAE group, and the false lumen was larger in the SAE group than in the NOSAE group. True-lumen diameters at the LSA20mm and PAB levels were significantly larger in the NOSAE group than in the SAE group. False-lumen diameters at the LSA20mm and PAB levels were significantly larger in the SAE group than in the NOSAE group. Figure 3C shows the diameter changes in the true and false lumen at the PAB level on predischarge and the last followup CT scans.
Aortic growth rates at the LCCA, LSA, LSA20mm, PAB and MaxDTA levels were significantly higher in the SAE group than in the NOSAE group. Growth rates of the false lumen at the LSA20mm and PAB levels were significantly higher in the SAE group than in the NOSAE group, whereas the growth rate of the false lumen decreased in the NOSAE group. Comparison of the 2 groups is presented in Supplementary Material, Table S2. 
Rate of adverse aortic events
The rate of adverse aortic events was lower in the NOSAE group than in the SAE group. Sixteen patients had an annual aortic growth rate exceeding 5 mm (NOSAE, n = 6; SAE, n = 10; 12% vs 48%; P < 0.01). Nine patients had a maximal DTA diameter exceeding 50 mm (NOSAE, n = 2 patients; SAE, n = 7; 4% vs 33%; P < 0.01). Six patients had a maximal DTA diameter exceeding 55 mm (NOSAE, n = 0; SAE, n = 6; 0% vs 29%; P < 0.01). Eighteen patients had MAAEs (NOSAE, n = 7; SAE, n = 11; 14% vs 52%; P < 0.01).
Twenty patients underwent reintervention or second open surgery, with no statistical difference (NOSAE, n = 11; SAE, n = 9; 22% vs 43%; P = 0.12) [Zone 0 thoracic endovascular repair (TEVAR), n = 3; Zone 1 TEVAR, n = 1; Zone 2 TEVAR, n = 7; Zone 3 TEVAR, n = 2; false-lumen procedure (FLP), n = 6 and TAR, n = 1]. However, the main reason for reintervention was different in the 2 groups. In the NOSAE group, the main reason for reintervention was an intimal tear or penetrating aortic ulceration in the DTA (Zone 1 TEVAR, n = 1; Zone 2 TEVAR, n = 6; Zone 3 TEVAR, n = 2 and FLP, n = 1), and only 1 patient underwent FLP with plugs and coils to close the intimal tear in the aortic arch. In the SAE group, 3 patients underwent Zone 0 TEVAR because the diameters of the aortic arch and proximal DTA were more than 55 mm, 2 patients underwent FLP because of an intimal tear in the aortic arch and 3 patients underwent reintervention because of an intimal tear in the DTA (Zone 2 TEVAR, n = 1; FLP, n = 2). One patient underwent AR at the time of the first operation and TAR after 46 months of follow-up. At the time of the second operation, the aortic arch diameter was 65 mm. The indication for TEVAR and FLP has been described in our previous study [13, 14] .
Comparison of each extent of surgery
AR, 1PAR and 2PAR were performed in 20, 37 and 15 patients, respectively. The details of each extent of surgery are presented in Supplementary Material, Table S2 . The aortic diameter at the LSA20mm level on the last follow-up CT scans was larger in the AR group than in the other groups. Rates of MAAEs and reintervention were higher in the AR group than in the other groups. The duration of CT follow-up was longer, and the number of patients who had SAE was higher in the AR group than in the other group. However, there were no statistical differences.
Freedom from major adverse aortic events
Regarding freedom from MAAEs, a significantly favourable outcome was observed in the NOSAE group. The rates of 5-year freedom from annual aortic growth exceeding 5 mm were 83% in the NOSAE group and 37% in the SAE group (log-rank, P < 0.01). The rates of 5-year freedom from a maximal DTA diameter exceeding 50 mm were 93% in the NOSAE group and 41% in the SAE group (log-rank, P < 0.01). The rates of 5-year freedom from MAAEs were 79% in the NOSAE group and 35% in the SAE group (log-rank, P < 0.01). There was no other statistical difference in the freedom from reintervention rate between the 2 groups (Fig. 4A-D ). There were 2 non-aortic-related deaths (SAE, n = 1, 2%; NOSAE, n = 1, 5%) during the follow-up period.
Risk factors for major adverse aortic events
The results of univariate and multivariate analyses of MAAEs are shown in Table 2 . The univariate analysis showed that significant risk factors for MAAEs were the initial aortic diameter (at the LSA20mm, PAB and MaxDTA levels and false lumen at the LSA20mm level) and SAE. The extent of the surgery was not a significant factor for MAAEs. The multivariate analysis revealed that the only independent risk factor for MAAEs was SAE.
DISCUSSION
Usually, the extent of surgery for AIAD is determined based on the location of the primary tear, and most patients with AIAD undergo AR or HAR, both of which have satisfactory results [1, 3, 4] . Generally, HAR for AIAD is regarded as a safer procedure than TAR, with some authors reporting that HAR was associated with lower mortality than TAR [15] , and in octogenarians, isolated AR provided favourable results [16] . However, some studies have recommended TAR in AIAD because of the possibility of late adverse aortic events [6, 17] .
We performed AR, 1PAR, 2PAR and TAR for AIAD, and the surgical extent was determined based on the location of the primary intimal tear. Over the past 6 years, approximately two-thirds of patients with AIAD underwent AR and PAR (1PAR or 2PAR). In our experience, we observed that AR and PAR, although this is tear-oriented surgery, might be insufficient in terms of reducing adverse aortic events postoperatively. In AIAD, AR and PAR leave a remnant dissected aorta in the arch. Some authors have reported that a remnant dissected aorta grows faster than a nondissected healthy aorta [10] , and in young patients, the remnant aorta in AIAD tends to grow more rapidly and has unfavourable remodelling [18] . Furthermore, the intimal flap of the remnant dissected aorta can develop in the intimal tear during the postoperative follow-up period, acting as a communicating channel to the true and false lumens, which keeps the false lumen patent and pressurized. Many studies have indicated that a patent and pressurized false lumen is a risk factor for aortic dilation. A patent and pressurized false lumen is associated with rapid aortic growth [10, 19] and is a risk factor for aortic dilation and unfavourable aortic remodelling [13, 20] . In terms of intimal flap minimalization in AIAD, some studies have revealed that a more central repair covering a larger area of the intimal flap of the dissected aorta through TAR with frozen elephant procedure or HAR with antegrade TEVAR improves short-term and long-term outcomes, especially for AIAD with organ malperfusion [21, 22] . Thus, minimalization of the residual intimal flap and removal of the entire intimal tear are important in AIAD for reducing adverse aortic events.
We believe that an intimal tear in the arch branch is a risk factor for adverse aortic events. There is evidence that re-entry in the IA is a risk factor for aortic dilation. Uchino et al. [11] reported that dissected IA in AIAD after HAR is a risk factor for aortic dilation due to a patent false lumen. Yasuda et al. [12] reported that the preoperative presence of an IA re-entry in patients with AIAD was related to a patent false lumen in the arch after AR and was a risk factor for late aortic arch enlargement; they recommended arch replacement for patients who have AIAD with IA re-entry preoperatively. In this study, there were 21 patients and 63 arch branches in the SAE group. Replaced branches and 2 patients with low-quality preoperative CT scans were excluded. Thus, 33 dissected arch branches were analysed. On preoperative CT scans, all of the dissected arch branches had a patent false lumen. Among these branches (n = 33, 19 patients), 5 {15%, [5 (26%) patients]} branches had an intimal tear, 18 (55%) branches remained dissected and 10 (30%) branches had a completely thrombosed false lumen on predischarge CT scans; and 11 {33%, [11 (58%) patients]} branches had an intimal tear, 7 (21%) branches remained dissected and 15 (46%) branches had a completely thrombosed false lumen on the last follow-up CT scans. In the SAE group, 1 patient had no SAE on the last followup CT scans. Even if only the dissected branches were observed on preoperative CT scans, intimal tears were identified in 33% of the dissected branches on the last follow-up CT scans. Remnant SAE after AR or PAR was a risk factor for MAAEs, and the diameter and growth rate at the aortic level were significantly higher in the SAE group than in the NOSAE group.
In our study, 20 patients underwent AR, and among them, 9 (45%) patients experienced MAAEs and 11 (55%) patients underwent reintervention in the follow-up period. We believe that the relatively longer CT follow-up period (37 ± 18 months) and the higher number of patients who had SAE (n = 8, 40%) in the AR group influenced the incidence of MAAEs and reintervention, but the CT follow-up duration and the number of patients who had SAE in terms of the extent of the surgery were not statistically different (Supplementary Material, Table  S2 ). Additionally, the univariate analysis showed that the extent of the surgery was not a significant risk factor for MAAEs (Table 2) .
Our mean follow-up period was approximately 3 years, and the mean age of the patients was approximately 60 years. Three years is a short follow-up period for 60-year-old patients after aortic surgery. The life expectancy of Koreans in their 60s is at least an additional 20 years. After the initial surgery, patients are exposed to the continual risk for MAAEs, and they may have to undergo reintervention or second aortic surgery several years later. Thus, NOSAE is reasonable for reducing MAAEs, but there is a burden of expanding the extent of the surgery.
Limitations
This study has several limitations. First, this is a retrospective design with a relatively small number of patients. Second, in terms The rates of 5-year freedom from annual aortic growth exceeding 5 mm are 83% in the NOSAE group and 37% in the SAE group (log-rank, P < 0.01). (B) The rates of 5-year freedom from a maximal DTA diameter exceeding 50 mm are 93% in the NOSAE group and 41% in the SAE group (log-rank, P < 0.01). (C) The rates of 5-year freedom from MAAEs are 79% in the NOSAE group and 35% in the SAE group (log-rank, P < 0.01). (D) The rates of 5-year freedom from reintervention are 59% in the NOSAE group and 26% in the SAE group (log-rank, P = 0.19). DTA: descending thoracic aorta; MAAEs: major adverse aortic events; NOSAE: no supra-aortic entry; SAE: supra-aortic entry.
of aortic remodelling, the distal anastomotic leak and re-entry tears in the DTA influenced the incidence of MAAEs. In this study, re-entry tears in the DTA and abdominal aorta (AA) were not evaluated. However, re-entry tears in the DTA and AA had a minimal effect on the aortic arch, and none of the patients had distal anastomotic leak after graft replacement. We used the neomedia (Teflon felt between the intima and the adventitia) and adventitial inversion technique for distal and proximal anastomoses. We believed that the needle hole of the anastomosis line could have caused anastomotic leakage; thus, Teflon felt neomedia with adventitial inversion was considered helpful to avoid anastomotic leakage. Interestingly, in our study, the difference in the aortic diameter between the 2 groups decreased at the CA level. We assumed that this might be an effect of the intimal tear in the AA because the criteria for dividing the NOSAE and SAE groups were independent of an intimal tear in the AA. Third, the status of the false lumen was not evaluated. However, almost all of the false lumen was partially thrombosed. Fourth, preoperative aortic diameters were not evaluated. As most patients with AIAD were transferred, preoperative CT scans were performed at other hospitals. We did not perform CT again even if the CT image quality was poor. Finally, we used the change in total aortic diameter and aortic growth rate as surrogate markers for aortic remodelling at each level. For a more comprehensive assessment of aortic remodelling, area or volumetric analysis would be ideal.
CONCLUSION
In conclusion, remnant SAE leads to unfavourable aortic remodelling in terms of MAAEs. If supra-aortic entries are confirmed on a preoperative CT scan, resection and replacement of these arch branches can be recommended. 
